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 Although several bacterial lignin-oxidising enzymes have been discovered in recent years, it 
is not yet clear whether different lignin-degrading bacteria use similar mechanisms for lignin 
oxidation and degradation of lignin fragments. Genome sequences of thirteen bacterial lignin-
oxidising bacteria, including new genome sequences for Microbacterium phyllosphaerae and 
Agrobacterium sp., were analysed for the presence of lignin-oxidising enzymes and aromatic 
degradation gene clusters that could be used to metabolise the products of lignin degradation. 
Ten bacterial genomes contain DyP-type peroxidases, and ten bacterial strains contain 
putative multi-copper oxidases (MCOs), both known to have activity for lignin oxidation. Only 
one strain lacks both MCOs and DyP-type peroxidase genes. Eleven bacterial genomes contain 
aromatic degradation gene clusters, of which ten contain the central -ketoadipate pathway, 
with variable numbers and types of degradation clusters for other aromatic substrates. Hence 
there appear to be diverse metabolic strategies used for lignin oxidation in bacteria, while the 
-ketoadipate pathway appears to be the most common route for aromatic metabolism in 




Bacterial lignin degradation; genome sequences; aromatic degradation pathways; DyP-type 
peroxidase; multi-copper oxidase. 
 
Introduction 
The aromatic heteropolymer lignin is a major component of the lignocellulose cell wall in 
plants, comprising 15-40% in dry weight of lignocellulose (Ragauskas et al, 2014). Although 
lignin is refractory to degradation, due to the presence of ether carbon-oxygen bond linkages, 
and carbon-carbon bond linkages, some micro-organisms have the ability to break down 
lignin. White-rot fungi are able to break down lignin via the action of oxidative secreted 
enzymes, mainly peroxidases and laccases (Camarero et al, 2014; Cragg et al, 2015). Brown-
rot fungi can efficiently degrade lignocellulose, but they are able only to modify lignin (Cragg 
et al, 2015). Several soil bacteria are also reported to degrade lignin, especially members of 
the phyla Actinobacteria, α-Proteobacteria and γ-Proteobacteria, some of which have also 
been reported in termite guts and wood-boring insects (Bugg et al, 2011b; Brown & Chang, 
2014; Tian et al, 2014; de Gonzalo et al, 2016). 
There is considerable current interest in lignin degradation for biotechnology, using either 
chemocatalysis or biocatalysis (Ragauskas et al, 2014). Metabolic engineering studies have 
been published using engineered strains of Rhodococcus jostii RHA1 and Pseudomonas putida 
KT2440 to produce bioproducts from lignin breakdown, including vanillin (Sainsbury et al, 
2013), pyridine-dicarboxylic acids (Mycroft et al, 2015), polyhydroxyalkanoic acids (Linger et 
al, 2014) and cis,cis-muconic acid (Vardon et al, 2016). In order to achieve high product yields 
via metabolic engineering, a better understanding is needed of the biochemical and genetic 
basis for lignin oxidation, uptake of lignin fragments, and metabolism of aromatic fragments 
vis aromatic degradation pathways. Since a number of genomes of bacterial lignin degraders 
have now been published, in this article we have surveyed the genomes of twelve bacteria 
reported to break down lignin: Actinobacteria Rhodococcus jostii RHA1 (Sainsbury et al, 2013, 
McLeod et al, 2006), Microbacterium phyllosphaerae (Taylor et al, 2012), Arthrobacter sp. 
(Moraes et al, 2018); Firmicutes Paenibacillus sp. (Rashid et al, 2017; Granja-Travez et al, 
2018) and Lysinibacillus sphaericus (Rashid et al, 2017; Persinoti et al, 2018); 
Proteobacterium Pseudomonas putida KT2440 (Linger et al, 2014); Proteobacteria 
Cupriavidus basilensis B-8 (Shi et al, 2013), Comamonas serinivorans (Zhang et al, 2017)  and 
Comamonas testosteroni (Rashid et al, 2017); Proteobacteria Ochrobactrum sp. (Taylor et 
al, 2012; Granja-Travez et al, 2018) and Agrobacterium sp. (Rashid et al, 2017), and 
Bacteroides Sphingobacterium sp. T2 (Taylor et al, 2012; Rashid et al, 2013). We have also 
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included the genome of a thirteenth bacterial strain Burkholderia multivorans LB400, a well-
studied polychlorinated biphenyl degrader (Denef et al, 2004), since there are reports of 
lignin-degrading Burkholderia strains (Akita et al, 2016). The genome sequences for 
Microbacterium phyllosphaerae (accession RAIJ00000000) and Agrobacterium sp. (accession 
VTPB00000000) have been deposited by the authors at DDBJ/ENA/Genbank. 
We have analysed for bacterial enzymes reported to oxidise lignin, firstly multi-copper 
oxidases, such as laccases from Streptomyces coelicolor (Majumdar et al, 2014), CueO from 
Ochrobactrum sp (Granja-Travez et al, 2018) and CopA from Pseudomonas putida (Granja-
Travez & Bugg, 2018), which have been reported to show activity for lignin oxidation. These 
sequences have been compared with laccases from non-lignin-degrading bacterial strains. 
Secondly, dye-decolorizing peroxidases, of B-class (Ahmad et al, 2011) and C-class (Brown et 
al, 2012), since these classes of DyPs have been reported to show activity for lignin oxidation. 
DyP-type peroxidases have been classified into classes DyPA-D (Ogola et al, 2009), but 
bacterial MCOs have not been classified, so we have carried out a more detailed 
bioinformatics analysis for bacterial MCOs. Thirdly, other enzymes reported to show activity 
towards lignin, such as manganese superoxide dismutase from Sphingobacterium sp. T2 
(Rashid et al, 2015), and -etherase enzymes LigDEF found in Sphingobium SYK-6 and 
Novosphingobium (Masai et al, 2003; Gall et al, 2014; Ohta et al, 2015). Bioinformatic analysis 
was performed using CLC workbench software (https://www.qiagenbioinformatics.com/). 
    The aromatic component of lignin is degraded via aromatic ortho- and meta-cleavage 
pathways, which have been reviewed (Bugg et al, 2011a), but it is not clear which of these 
pathways are used for lignin degradation. From metabolic engineering studies, there appears 
to be a central role for the vanillate degradation pathway & beta-ketoadipate pathway 
(Sainsbury et al, 2013; Linger et al, 2014; Mycroft et al, 2015; Vardon et al, 2016). Since some 
lignin-degrading bacteria contain up to 15 aromatic degradation gene clusters, it is not clear 
whether other pathways are also used, hence a survey of existing aromatic degradation gene 
clusters was also carried out.  
 
Multicopper oxidases (MCOs) 
Multicopper oxidases (MCOs) and their role in lignin degradation 
MCOs are a superfamily of proteins comprising laccases (EC 1.10.3.2), ascorbate 
oxidase (EC 1.10.3.3), ferroxidase (EC 1.16.3.1), nitrite reductase (EC 1.7.2.1), and 
ceruloplasmin (EC 1.16.3.1). The biological function of laccases varies: in fungi these enzymes 
have been reported in almost all wood degraders, where they have been related with 
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morphogenesis, pathogen-host interaction, stress defence, and lignin degradation; while in 
plants, laccases seem to be involved in lignin biosynthesis (Bao et al, 1993); in bacteria, 
laccases appear to be involved in morphogenesis, pigmentation, oxidative protection and 
copper homeostasis (Sharma et al, 2007), while in insects, they play a role in sclerotization of 
the cuticle (Giardina et al, 2010). Laccases contain four atoms of copper, ligated to well 
conserved residues. These residues are arranged in four highly conserved motifs, HXHG, HXH, 
HXXHXH and HCHXXXHXXXXM/L/F, common in all MCOs (Reiss et al, 2013). However, there 
is no distinctive sequence belonging solely to laccases that can differentiate them from 
another subgroup of MCOs, thus the only way to define unambiguously a MCOs as a laccase is 
by experimental approaches, mostly by confirming its activity towards siringaldezine (SGZ) 
(Reiss et al, 2013). The ability of laccases to attack, degrade and modify lignin has been well 
documented in white-rot fungi. Most of the white-rot fungi secrete laccases when grown on 
lignin, while brown-rot fungi, which are unable to grow on lignin, do not secrete laccases 
extracellularly (Youn et al, 2001). Laccases are involved in both lignin polymerization and 
depolymerization, besides other chemical modifications, so the precise role of laccase 
enzymes in lignin breakdown is yet to be fully understood. (Munk et al, 2015). 
 
Multicopper oxidases (MCOs) found in non-lignin-degrading strains, that have shown laccase 
activity 
Laccase-like genes have been identified in the genome of a large variety of bacterial 
species, sourced from diverse ecological environments. A search of 2200 complete and draft 
bacteria genomes and four metagenomic datasets, found more than 1200 putative genes for 
laccase-like multicopper oxidases, among which 76% contained a predicted signal peptide 
sequence, suggesting that most of these proteins are exported from the cytoplasm (Ausec et 
al, 2011). Despite the potential enclosed in these interesting proteins, only few bacterial 
laccases have been characterized, and most of them have been obtained from bacteria non-
related with lignin oxidation activity. Hence, a comparison of the biochemical and sequence 
properties  between laccases from bacteria non-related and related with lignin degradation, 
could shed some light on how these proteins are similar and whether there is any functional 
difference among them. With this aim, this section presents a brief description of some 
multicopper oxidases (MCOs) obtained from bacteria nonrelated with lignin oxidation, that 
experimentally have shown laccase activity.   
Escherichia coli contains two multicopper oxidases that have oxidase activity, named 
CueO and PcoA, and both are related to copper resistance. CueO is a “blue protein” and shows 
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phenol oxidase activity, enhanced in presence of additional copper (Roberts et al, 2003). It 
can oxidize catechols, siderophores, and Fe(II) (Kim et al, 2001). For its part, PcoA also shows 
oxidase activity and, despite having the conserved motifs associated with MCOs, its spectral 
properties are not available in literature, thus PcoA is not classified as a “blue protein” in this 
work. PcoA has been mostly characterized in the context of copper resistance, in association 
with a smaller PcoC protein  which is thought to act in cooperation with PcoA by transferring 
copper ions to it (Huffman et al, 2002). PcoA resembles the MCO CopA, which also is thought 
to act in cooperation with a smaller CopC protein. Both, CopA and CopC are forming part of a 
copper resistance operon found in some bacteria, e.g. Pseudomonas syringae (Cha et al, 1993). 
Additionally, CopA has been identified as a ligninolytic enzyme by a biosensor developed to 
find novel genes involved in lignin degradation, in metagenomics libraries (Strachan et al, 
2013). Interestingly, in bacterial lignin-degraders genomes, when a copA putative gene is 
found, the genome in question often lack the rest of genes associated with the copper 
resistance operon, including copC genes. Conversely, if a putative copC genes is found, 
putative copA genes are absent. Another multicopper oxidases that has been experimentally 
characterized is CotA, a protein associated with endospore pigment formation. CotA from 
Bacillus subtilis (Martins et al, 2002) and CotA from Bacillus licheniformis (Koschorreck et al, 
2008) are both “blue proteins”. These proteins accept a similar range of substrates, including 
ABTS and SGZ. They have shown also activity towards some phenolic substrates such as 
sinapic acid, caffeic acid and ferulic acid, yielding dimeric products.  
Another strain of Bacillus genus, Bacillus halodurans, a strain adapted to alkaline 
conditions containing unique genes when compared with Bacillus subtilis (Takami et al, 
1999), contains a laccase-like gene that has been cloned and expressed in E. coli. The resulting 
protein showed laccase activity towards ABTS and SGZ, moreover, its activity was enhanced 
in presence of chloride, distinguishing it from conventional laccases (Ruijssenaars et al, 2004). 
Other bacterial laccase enzymes with unusual properties that have been characterized include 
a MCO found in Thermus thermophilus (Miyazaki, 2005), a “blue protein” that was reported as 
the most thermophilic laccase. A polyphenol oxidase (PPO) from Streptomyces lavendulae 
REN-7 was also reported as a laccase with high thermal stability (Suzuki et al, 2003); and an 
MCO found in Marinomonas mediterranea showed both laccase activity and a capacity to 
catalyse tyrosine hydroxylation (Sanchez-Amat et al, 2001). These protein sequences were 
used to perform a multiple sequence alignment with sequences of laccase-like multicopper 
oxidases found in lignin-degrading bacterial genomes (see Figure 1). 
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Multi-copper oxidases (MCOs) found in bacteria related with lignin degradation 
As there is no distinctive sequence motif able to distinguish laccases with lignin 
oxidation activity from the wider group of MCOs, some sequences with known or suspected 
lignin oxidase activity were selected to perform a sequence alignment, along with sequences 
of laccases contained in non-lignin-degrading bacteria. Firstly, the sequences of Oc-CueO from 
Ochrobactrum sp. (Granja-Travez et al, 2018), CopA-I from P. putida (Granja-Travez & Bugg, 
2018), and the R. jostii RHA1 McoA ro02377 were used to perform an initial alignment, whose 
consensus sequence was used to perform a BLAST search against the genomes of the thirteen 
bacterial strains listed above, in order to identify MCOs with potential activity towards lignin. 
The sequences identified are shown in Table 1A. The retrieved sequences were used to 
perform a bigger alignment, including the MCO sequences obtained from bacteria not related 
with lignin oxidation (Table 1B). The resulting sequence alignment is shown in Figure 1, while 
its corresponding phylogenetic tree is shown in Figure 2. 
The phylogenetic tree results suggest the presence of four different groups among 
these bacterial strains. The first group (Group A) are related to CueO and CotA type proteins, 
and are therefore likely to be blue laccase enzymes (Granja-Travez et al, 2018). Recombinant 
Oc-CueO from Ochrobactrum sp. has been shown to be active for oxidation of lignin model 
compounds and lignosulfonate (Granja-Travez et al, 2018; Martins et al, 2002; Koschorreck et 
al, 2008). Other sequences from bacterial lignin degraders include Lysinibacillus Mco1343, R. 
jostii McoC, and P. xenovorans Mco49782249. Another possible group of “blue laccases” has 
been named as A.1 group, and it contains the thermophilic laccase from Thermus 
thermophilus, and the multipotent laccase from Marinomonas mediterranea. 
A second group, Group B, contains four proteins from bacterial lignin degraders, and 
one from bacteria not related with lignin degradation (Bacillus halodurans laccase), the latter 
having been characterized experimentally, showing alkaline tolerance and enhancement of 
activity in presence of chloride (Ruijssenaars et al, 2004). Group C include proteins related 
with copper homeostasis, such as PcoA and CopA proteins, which are likely to be colourless 
pseudo-laccases (Granja-Travez & Bugg, 2018). Three proteins from bacterial lignin 
degraders, and one (E. coli PcoA) from bacteria not related with lignin degradation are listed 
in this group. The fourth and last group (Group D) are a distinct group of six uncharacterised 
MCOs found in - and -Proteobacteria, and we note that there are no sequences of laccases 
from bacteria not related with lignin degradation listed in this group, although these proteins 
lack the presence of conserved residues found in fungal and bacterial laccases, that may be 
important for laccase activity (Granja-Travez et al, 2018). 
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Table 1, Figure 1, Figure 2 here.  
 
DyP-type peroxidases 
Dye-decolorizing peroxidases (DyP) and their role in lignin degradation 
DyP peroxidases are heme-containing enzymes, that were first identified in fungi as a dye 
degrading enzyme (Kim at al., 1999). All DyP-type peroxidases contain a well-conserved motif 
GXXDG in their primary sequences (Sugano et al, 2007). Dyp-type peroxidases are further 
classified into A, B C and D subgroups based on their phylogenetic differences (Ogola et al, 
2009). Several DyP-type peroxidases have been reported to oxidise lignin model compounds 
or polymeric lignin: DypB from Rhodococcus jostii RHA1 (Ahmad et al, 2011), Dyp1B from 
Pseudomonas fluorescens Pf-5 (Rahmanpour and Bugg, 2015), and DyP from Irpex lacteus 
showed lignolytic activity (Salvachúa et al, 2013). C-type DyP peroxidases are reported to 
show high Mn2+ oxidation activity, comparable with fungal MnP enzymes (Brown et al, 2012). 
DyPA enzymes contain a Tat signal sequence for protein export, consequently are likely to be 
extracellular proteins. DyPB and DypC enzymes do not contain a Tat signal sequence, hence 
appear to be intracellular enzymes, although DypB from Rhodococcus jostii RHA1 and some 
other DypB enzymes are targeted towards an encapsulin protein nanocompartment 
(Rahmanpour and Bugg, 2013). The subgroup DyPD include mostly fungal variants of Dyp 
(Colpa et al., 2014).  
 
DyP-type peroxidases found in non-lignin degrading strains 
According to PeroxiBase database (http://peroxibase.toulouse.inra.fr/), thus far only 237 
sequences are forming part of the DyP-type peroxidase superfamily group, comprising 26 
DyPA proteins, 49 DyPB proteins, 24 DyPC proteins, and 138 fungal DyPD proteins. In this 
work we have focused our analysis only on DyP-type proteins of A, B and C subgroups. The 
distribution of each subgroup in the different class of organism is shown in Figure 3. Despite 
the relative low number of sequences available, some interesting tendencies can be inferred 
from this data. For instance, all DyPA peroxidases belong to bacterial strains; whereas DyPB 
enzymes seems to be equally distributed between the bacterial and eukaryote domains. Most 
peroxidases from the DyPC subgroup are found in bacterial strains, though some proteins 
have been found in the fungal basidiomycota phylum. Moreover, it is clear that DyP-type 
peroxidases are mostly found in Actinobacteria and γ-Proteobacteria, which include bacteria 
that have been related with lignin degradation. A list of bacterial DyP-type peroxidases from 
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non-lignin degrading strains is shown in Table 2.B. Bacterial DyPA proteins have been 
characterised from Escherichia coli (Sturm et al., 2006), and Bacillus subtilis (Jongbloed et al., 
2004). A comparison between DyPA from B. subtilis and DyPB from P. putida revealed that 
though DyPA is more thermostable, DyPB was more active and accepted a broader range of 
substrates (Santos et al., 2014).  DyPA proteins contain a Tat-signal sequence for protein 
exportation which is not present in neither DyPB nor DyPC proteins. However, as noted 
above, a tight association has been reported between encapsulating and DyPB genes (Dailey 
et al., 2011; Rahmanpour & Bugg, 2013), which indicates a possible extracellular function for 
this subgroup of DyP peroxidases. The list of bacterial species containing DyPB and DyPC 
reported by PeroxiBase database include several species related with lignin degradation 
(Supporting information Tables S1 and S2). 
 
Figure 3 here 
 
Bacterial DyP-type peroxidases found in lignin degrading strains 
A search for DyP-type peroxidases in the genome of lignin degrading strains was performed. 
Firstly, a total of 10 sequences for each subgroup of DyP enzymes (A, B and C) were selected 
from the PeroxiBase database. Bacterial strains and Uniprot accession codes used are shown 
in Supporting information Table S3. Then, the resulting consensus sequences of each 
subgroup DyPA, DyPB and DyPC, were used to carry out a BLAST (Basic Local Alignment 
Search Tool) against the thirteen bacterial lignin degrading genomes.  
Annotated Dyp-type peroxidase proteins were identified in the genomes of ten out of the 
thirteen lignin-oxidising bacterial strains, as shown in Table 2. DyPB peroxidases, reported to 
show activity for lignin oxidation (Ahmad et al, 2011) are found in R. jostii, P. putida, C. 
testosteroni, C. serinivorans, and P. xenovorans. C-type DyP peroxidases, reported to show high 
Mn2+ oxidation activity (Brown et al, 2012), are found in Ochrobactrum sp., and 
Agrobacterium sp. DyPA peroxidases are found in Ochrobactrum sp., R. jostii, Lysinibacillus sp., 
P. xenovorans, M. phyllosphaerae and Paenibacillus sp.  
In order to compare DyP-type enzymes from bacterial lignin degrading and non-lignin 
degrading strains, a multiple sequence alignment of DyP-type peroxidases was done using 
sequences from both type of strains (Supporting Information Figure S1).  A phylogenetic tree 
was generated from this alignment (Figure 4). As expected, three main subgroups are 
observed corresponding with the already described subgroups for DyP-type peroxidases: A, B 
and C. Sequences from each subgroup are found in genomes of bacterial lignin degraders, with 
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DypA most common (7 examples), followed by DypB (5 examples), then DypC (2 examples), 
but there are also sequences from non-lignin-degrading bacteria in each subgroup, suggesting 
that these enzymes have multiple functions in different bacteria. 
Lignin oxidation activity has been reported for B- and C-type dye-decolorizing 
peroxidase enzymes in bacteria (Ahmad et al, 2011; Brown et al, 2012), furthermore, up-
regulation of dyp genes in response to lignin has been reported in Pseudomonas putida A514 
(Lin et al, 2016; Lin et al, 2019). In our set of 13 bacteria, ten contained DyP-type peroxidase 
genes, out of which 5 organisms contained B-type DyPs, and 3 contained C-type DyPs. Roles 
for bacterial multi-copper oxidases in lignin oxidation have also been reported (Majumdar et 
al, 2014; Granja-Travez et al, 2018; Granja-Travez & Bugg, 2018), and multi-copper oxidase 
genes are found in ten of the bacterial genomes. There appear to be four groups of bacterial 
multi-copper oxidase sequences, of which groups A and C contain enzymes shown to oxidise 
lignin (see Figure 2), but groups A-C also contain MCOs from bacteria that do not degrade 
lignin, suggesting that MCOs perform multiple roles in different organisms. Eight bacteria 
contain both DyPs and MCO genes, with the remaining bacteria containing either only DyP 
genes (M. phyllosphaerae, Paenibacillus sp,), only MCO genes (Arthrobacter sp., C. basilensis), 
or neither (Sphingobacterium sp.). Hence an important conclusion is that there is diversity in 
the lignin oxidation mechanisms used in different lignin-degrading bacteria, there is not one 
class of enzyme found in all organisms. Diversity in lignin oxidation gene is also observed in 
wood-degrading Basidiomycete fungi, for example, Phanerochaete chrysosporium contains 15 
lignin peroxidase genes but no laccase genes, whereas Stereum hirsutum contains 15 laccase 
genes but only 5 lignin peroxidase genes, and other white-rot fungi contain variable numbers 
of each class (Riley et al, 2014). 
 
Table 2, Figure 4  here. 
 
Other lignin degradation genes 
Sphingobacterium sp. T2 is unusual in utilising two specialised extracellular manganese 
superoxide dismutase enzymes for lignin oxidation (Rashid et al, 2015). This strain does not 
contain any putative MCO or DyP peroxidase genes. Agrobacterium sp. contains one LigE -
etherase gene, related to -etherase LigE from Sphingobium SYK-6 (Masai et al, 2003), 
although no other annotated -etherase genes were found in this genome. The -etherase 
family of enzymes are a specialised type of glutathione S-transferase, hence we note that the 
bacterial genomes surveyed contained variable numbers of glutathione S-transferase (GST) 
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genes. While most genomes contained 1-2 GST genes, P. putida KT2440 contains 14 GST 
genes, Ochrobactrum sp. contains 9, and Agrobacterium sp. 8, so there is a possibility that 
some of these additional GST genes might encode additional -etherase enzyme activities. 
Since the genome of Sphingobacterium sp. T2 does not contain any aromatic degradation 
gene clusters, but does contain many genes for hemi-cellulose breakdown, it seems possible 
that this bacterium is able to remove lignin in order to attack the polysaccharide component 
of lignocellulose, in a similar fashion to brown-rot fungi (Kerem et al, 1999). Agrobacterium 
sp. also contains one ligE -etherase gene, but does not appear to contain other lig genes 
reported in Sphingobium SYK-6 (Masai et al., 2003). 
 
Aromatic degradation pathways 
We have surveyed the twelve bacterial genomes for the presence of aromatic degradation 
gene clusters, which are listed in Table 3. Nine of the genomes contain the -ketoadipate 
pathway (pca genes, Harwood & Parales, 1996) for conversion of protocatechuic acid to -
ketoadipate, which is thought to be a central pathway for degradation of lignin fragments 
(Sainsbury et al, 2013, Linger et al, 2014), though in Cupriavidus basilensis B-8 the genes for 
this pathway are not clustered (Shi et al, 2013). Five genomes (R. jostii, P. putida, Cupriavidus 
basilensis, Comamonas testosteroni, Paraburkholderia xenovorans) also contain the catechol 
ortho-cleavage pathway, which also leads to -ketoadipate. Five bacteria contain the 4-
hydroxyphenylacetate (or homoprotocatechuate) pathway (hpc genes, Jenkins & Cooper, 
1988), and P. putida KT2440 also contains the pha gene cluster for phenylacetic acid 
breakdown. Since 4-hydroxyphenyl units are present in grass lignins, it is possible that the 
hpc pathway could be used for degradation of lignin fragments, but there is currently no 
experimental evidence for that hypothesis. 
 Biphenyl degradation clusters (bph genes, Ohtsubo et al, 2000) are present in R. jostii 
RHA1 and P. multivorans, both PCB degraders, and also in Arthrobacter sp. Since biphenyl 
units are found in lignin, the bph pathway could potentially be used to degrade biphenyl units 
found in lignin fragments, but only 3 out of 12 organisms contain this pathway. Five bacteria 
(R. jostii, Arthrobacter sp., C. basilensis, C. testosteroni, and P. xenovorans) contain the gentisate 
degradation pathway (Zhou et al, 2001), while R. jostii RHA1 and P. putida KT2440 also 
contain the homogentisate degradation pathway (Arias-Barrau et al, 2004). Three bacteria (R. 
jostii, Arthrobacter sp., P. multivorans) contain the phenylpropionic acid degradation pathway 
(Burlingame & Chapman, 1983); although phenylpropionic acid contains the aryl C3 skeleton 
found in lignin fragments, the catecholic intermediate on the pathway is 2,3-
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dihydroxyphenylpropionic acid, whose substitution pattern does not match that found in 
lignin.  
Other pathways include the phthalic acid degradation pathways (3 bacteria, Chang & 
Zylstra, 1998), L-tryptophan degradation (3 bacteria, Colabroy & Begley, 2005), 
hydroxyquinol degradation pathway (2 bacteria, Armengaud et al, 1999), benzoic acid 
degradation pathway (4 bacteria, Harayama et al, 1987), phenol oxidation (5 bacteria, 
Nordlund et al, 1993), salicylate degradation (1 bacterium, Dennis & Zylstra, 2004), p-cumate 
degradation (1 bacterium, Eaton, 1996). Three bacteria contain mhq genes, which are 
believed to be involved in hydroquinone degradation (Tago et al, 2005). 
 
Table 3 here 
 
 
Metabolism of the low molecular weight aromatic products of lignin breakdown occurs 
via aromatic degradation pathways that are well-studied in soil bacteria (Bugg et al, 2011a). 
Several pieces of evidence implicate the -ketoadipate pathway from protocatechuic acid to -
ketoadipate, preceded by the conversion of vanillin and vanillic acid to protocatechuic acid, as 
important pathways for lignin fragment degradation: 1) lignin-degrading bacteria often 
generate vanillic acid as a metabolite, and can usually grow on vanillic acid as a sole carbon 
source (Taylor et al, 2012); 2) gene deletion of the vdh gene encoding vanillate dehydrogenase 
in R. jostii RHA1 gives a mutant strain that accumulates vanillin when grown on minimal 
media containing lignin or lignocellulose (Sainsbury et al, 2013); 3) metabolic engineering 
studies in P. putida KT2440 have generated other bioproducts from engineering of the -
ketoadipate pathway (Linger et al, 2014; Vardon et al, 2016); 4) the pca genes in P. putida 
A514 are upregulated in response to lignin (Lin et al, 2016). Of the 12 bacteria examined, 9 
contain the pca gene cluster encoding the -ketoadipate pathway, which supports a central 
role for the -ketoadipate pathway in degradation of lignin fragments. Bacteria lacking the the 
-ketoadipate pathway are Sphingobacterium sp. T2 discussed above, and the two Firmicutes 
Paenibacillus sp. and Lysinibacillus sp., implying that the latter bacteria either do not fully 
metabolise the aromatic lignin fragments, or use other pathways to do so. Furthermore, 6 
bacteria contain genes for vanillin oxidation (vdh gene) or vanillic acid demethylation 
(vanAB), which have been characterised in R. jostii RHA1 (Chen et al, 2012), and which 
generate protocatechuic acid, at the start of the -ketoadipate pathway. 
    Ferulic acid and p-coumaric acid are also found in grass lignin structures, and are generated 
as breakdown products, and are converted in some bacteria such as Pseudomonas putida to 
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vanillin via the fcs and ech genes, or in other bacteria such as Rhodococcus jostii RHA1 to 
vanillic acid via the couLMN genes (Otani et al, 2014). Upregulation of the ferulate 
degradation genes in response to lignin has been observed in P. putida A514 (Lin et al, 2016). 
In the 12 genomes examined, 4 contained genes for ferulic acid degradation: P. putida and C. 
basilensis contained genes for conversion to vanillin, while R. jostii RHA1 and Ochrobactrum 
sp. contained genes for conversion to vanillic acid. 
    Gene clusters encoding several other aromatic degradation pathways were observed, but 
with variable frequency, the most common being the hpc cluster for breakdown of 4-
hydroxyphenylacetic acid, whose structure could potentially be derived from H units in lignin, 
and was observed in 6 bacteria. The hmg cluster encoding the homogentisate pathway in P. 
putida A514 was reported to be upregulated in response to lignin (Lin et al, 2016), but this 
cluster is found in only 2 of the bacteria surveyed. Potentially some of these pathways could 
be linked to the degradation of lignin fragments, as shown in Figure 5, but there is currently 
little experimental evidence linking these pathways to lignin degradation.  
 
Figure 5 here 
 
    In conclusion, analysis of genome sequences for bacterial lignin degraders, whose 
enzymology has emerged relatively recently, reveals diversity in mechanisms of lignin 
oxidation, as found in lignin-degrading fungi. Metabolic routes for aromatic metabolism of 
lignin fragments indicates that the -ketoadipate pathway is a common pathway for aromatic 
metabolic, but that other aromatic degradation pathways may potentially contribute.  
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Table 1. Bacterial multi-copper oxidase enzymes found in genomes of (A) lignin degrading 
strains and (B) non-lignin degrading strains. Key: # Enzymes reported to have lignin oxidation 
activity; * Annotated as “outer membrane-bounded periplasmic space” by Uniprot database; 
** Annotated as “Capsid protein, imported” by Uniprot database. NA, not available. 
 


















Pseudomonas putida KT2440 CopA-I Q88KT4 Yes (Tat/SPI) C 
CopA-II# Q88C03 Yes (Tat/SPI) C 
Rhodococcus jostii RHA1 McoA Q0SE54 Yes (Tat/SPI) B 
McoB Q0RV38 Yes (Tat/SPI) B 
McoC 50787466 Q0SGE3 (partial) Yes (Tat/SPI) A 
Lysinibacillus sp. Mco1343 A0A2S5D0F4 Yes (Sec/SPII) A 
Arthrobacter HW13 
(Paenarthrobacter) 
Mco 0018 NA Yes (Other) B 
Comamonas testosteroni 
TK102 
Mco 43372992 A0A076PMU7 Yes (Tat/SPI) C 
Mco 43371778 A0A076PMU5 Yes (Tat/SPI) D 
Comamonas serinivorans C35 Mco 87276968 A0A1Y0EJD8 Yes (Tat/SPI) D 
Agrobacterium sp.  Mco 5546 A0A0Q8G0G0 Yes (Tat/SPI) B 
Mco 5559 A0A0Q8FL38 Yes (Tat/SPI) D 
Mco 3876 A0A1S7UA41 Yes (Tat/SPI) D 
Paraburkholderia xenovorans 
LB400 
Mco 11491053 Q13QE6 Yes (Tat/SPI) D 
Mco 49782249 
(Bilirubin oxidase) 
Q13RH6 Yes (Other) A 
Cupriavidus basilensis B-8 Mco 43356901 A0A0C4YQC6 Yes (Tat/SPI) D 
B. Non-lignin degraders 









Escherichia coli CopA-I Q88KT4  PcoA Q47452 Yes (Tat/SPI) C 
Bacillus subtilis 168 CotA P07788 Yes (Other)* A 
Bacillus licheniformis CotA Q65MU7 Yes (Other)** A 
Bacillus halodurans McO Q9KB49 Yes (Sec/SPII) B 
Thermus thermophilus HB27 McO YP_005339 (GB) Yes (Tat/SPI) A.1 
Streptomyces lavendulae PPO AB092576 (GB) Yes (Other) A 




Table 2. DyP-type peroxidases identified in bacterial genomes of lignin degrading strains. 
Sequence groups are illustrated in Figure 4. Key: * Targeted to encapsulin nanocompartment. 
NA: not available. 
 




A. Lignin degraders 









DyP 564 NA Yes (other) C 
Pseudomonas putida KT2440 DyP 3248 Q88HV5 Yes (other)* B 
Rhodococcus jostii RHA1 
DyP ro05773 Q0S4I5 Yes (Tat/SPI) A 
DyP ro02407 Q0SE24 Yes (other)* B 
Lysinibacillus sp. DyP 1547 NA Yes (Tat/SPI) A 
Comamonas testosteroni TK102 DyP 43373522 NA Yes (other)* B 
Comamonas serinivorans C35 DyP 
087281313 
A0A1Y0ENS5 Yes (Other)* B 
Agrobacterium sp. DyP 062 NA Yes (other) C 
Paraburkholderia xenovorans 
LB400 
DyP 11491480 Q13P55 Yes (Tat/SPI) A 
DyP 7179030 Q144S4 No B 
Microbacterium phyllosphaerae 
DyP 353 NA Yes (Tat/SPI) A 
DyP 1011 NA Yes (Tat/SPI) A 
Paenibacillus sp. DyP 01700 NA Yes (Tat/SPI) A 
B. Non-lignin degraders 









Escherichia coli K12 DyP-A P31545 Yes (Tat/SPI) A 
Escherichia coli UTI89  DyP-B Q1R8U0 Yes (Other)* B 
Acaryochloris marina MBIC 
11017 























Table 3. Genes for lignin degradation and aromatic degradation present in bacterial genomes. 
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Figure 1. Partial amino acid sequence alignment showing bacterial multicopper oxidases 
found in lignin degrading strains. Numbering is based on Ochrobactrum sp. CueO sequence as 
reference. Well-conserved residues found in all MCOs are highlighted in blue, whereas new 
conserved residues found in fungal and bacterial laccases (Granja-Travez et al, 2018) are 
highlighted in red. Uniprot accession codes are listed in Table 1.1 and Table 1.2. Key: # 
enzymes reported to have lignin oxidation activity; a, MCOs found in non-lignin degrading 
strains for which recombinant enzyme has been characterized.  
 
Figure 2. Phylogenetic tree of bacterial multicopper oxidases (MCO) sequences found in the 
genome of lignin degrading strains. Bootstrap analysis is shown. Key: # enzymes reported to 
have lignin oxidation activity; a, MCOs found in non-lignin degrading strains for which 
recombinant enzyme has been characterized.  
 
 
Figure 3. Distribution of DyP-type peroxidases from A, B and C subgroups, by bacterial class. 
Key: * Archea; ** Eukaryota. 
 
Figure 4. Phylogenetic tree of DyP-type peroxidases sequences found in the bacterial lignin 
degrading and non-lignin-degrading strains. Bootstrap analysis is shown. Key: a, Bacterial 
DyP-Type peroxidases found in non-lignin-degrading strains. 
 
Figure 5. Aromatic degradation pathways found in bacterial lignin degraders. A. Pathways for 
which experimental evidence links to lignin degradation, as described in text. B. Other 
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